Gain peak shifts with injection in undoped and p-doped InAs quantum dot laser structures between 200 K and 350 K are measured. The blue-shift with increasing injection, due to state-filling of the inhomogeneous distribution, is temperature independent for a fixed peak gain in the undoped sample, but temperature dependent in the doped sample. This is due to the wide electron state distribution and lowering of the electron quasi Fermi level by p-doping relative to the undoped device. While p-doping reduces the temperature dependence of the threshold current, it comes at the expense of increasing the temperature sensitivity of the wavelength. The optical spectra of self-assembled quantum dot lasers are broadened by the distribution of dot sizes 1 and by homogeneous broadening; this brings disadvantages such as an intrinsic temperature dependence of threshold current 2 and benefits such as a broad gain spectrum with potential for short pulse generation. 3 A further consequence of the inhomogeneous energy distribution of dot states is that when their occupation is determined by a global Fermi function, the peaks of the emission and gain spectra shift with temperature and with drive current, akin to band-filling in quantum well and bulk materials. The gain peak position is of particular importance for quantum dot vertical cavity lasers, which are of current interest, 4 where the gain spectrum should be matched to the reflection spectrum of the mirrors. In this paper, we report an experimental study of state filling in quantum dot laser structures which we interpret using model calculations. P-doping has been shown to modify the temperature dependence of threshold 5 and the modulation response 6 of quantum dot lasers, therefore, this work is concerned particularly with a comparison between nominally undoped and p-doped structures, and the findings are relevant to the design of quantum dot lasers particularly where the gain peak and its temperature dependence are important. We have studied two 1.3 lm laser structures with five layers of dots with "high growth temperature spacer layers" 7 and having nominally identical growth conditions except that in the active region one is nominally undoped, while the other has Be p-dopant in 6 nm of the 50 nm GaAs spacer between the dot layers. Atomic force microscopy measurements were used to determine the dot density and suggest there are about 15 dopant atoms per dot. Oxide-insulated, 50 lm wide stripe, segmented contact devices with 300 lm long sections were fabricated and modal gain and absorption spectra were measured using pulsed electrical excitation by observation of the single-pass amplified spontaneous emission. 8 Gain spectra for the doped structure at 300 K for various drive currents are shown in Fig. 1 , together with the absorption spectrum. The lowest energy gain peaks all occur at a lower energy than that of the first absorption peak (0.972 eV); we associate these peaks with ground state transitions. At the lowest current, the gain peak is 18 meV below the absorption peak, then, as the current is increased, the gain peak first moves to higher energy, closer to the absorption peak, before shifting back to lower energy at the highest injection. This latter behavior is due to many-body Coulomb interactions, 9,10 while we associate the shift to higher energy at lower current with the filling of states in the inhomogeneous distribution. Qualitatively similar behavior is observed in the un-doped sample.
To compare the doped and undoped samples, it is necessary to identify an independent measure of the degree of inversion of the system. The experimental drive current density includes unknown contributions from non-radiative processes, which may also be different in the two samples. Neither is it appropriate to use the quasi-Fermi level (2011) separation obtained from the transparency photon energy because this includes injection dependent shifts by (unknown) "band gap narrowing." We have chosen to use the magnitude of the ground state peak gain as a proxy for the degree of inversion since it is proportional to the difference in electron occupation probabilities of upper and lower states at the gain peak. We plot the difference between the energy of the gain peak and the energy of the absorption peak for each sample as a function of the magnitude of the ground state peak gain, with the results shown in Figs. 2 and 3 for measurements between 200 K and 350 K. These figures show similar qualitative trends as noted above: the gain peak first shifts toward the absorption peak (smaller DE) with increasing current, then shifts back to lower energy at the highest currents. However, the behavior with temperature is very different for the doped and un-doped structures. In the un-doped sample, the blue-shift due to state filling is the same at all temperatures for a given peak gain, whereas for the p-doped sample, the shift due to state filling is different at different temperatures: for the p-doped sample, the gain peak energy is temperature dependent at any given fixed gain.
To understand the origin of this behavior, we have calculated the Fermi-Dirac carrier distributions across the electron and hole ground states and the wetting layer of an inhomogeneous dot distribution assuming charge neutrality of the whole system. The energy states are calculated for harmonic potentials and we construct an inhomogeneous Gaussian distribution 11 of 51 transition energies by setting appropriate values for the proportionality constant which defines the potentials. The calculation of absorption and gain also incorporates the homogeneous linewidth. The inhomogenity input to the model is then adjusted until the calculated spectrum matches the experimentally obtained modal absorption spectrum; therefore, this comparison includes both the effects of inhomogeneous and homogeneous broadening. The calculation also incorporates a temperature The full width at half maximum of the input inhomogeneous electron and hole state distributions required to fit the absorption spectra were 27 meV and 1.4 meV, respectively, using effective masses for electrons and holes of 0.027 m 0 and 0.34 m 0 . In the p-doped structure, the ionization energy for Be acceptors was taken to be 28 meV. Fig. 4(a) shows the available ground state inhomogeneous distributions in energy of the electron (top) and hole (bottom) states used in the calculation, and the electron and hole occupation probabilities (f e and f h ), at 200 K and 350 K for the same quasi-Fermi level separation of 1.0483 eV, chosen to be greater than the gain peak energy and, therefore, typical of the quasi-Fermi level separation when the system is inverted. (In this calculation at fixed quasi-Fermi level separation, the occupation probability of the electron states goes down with increasing temperature because they are located below the quasi-Fermi energy.) The figure also shows the carrier distributions which arise from the product of the state distributions and the occupation probability. The electron states are almost fully occupied and the distributions follow the inhomogeneous state distributions with very little shift in their peak positions with temperature and this is consistent with the experimental gain data in Fig. 2 .
The calculated data for the p-doped sample in Fig. 4(b) , for the same state distributions, show that doping lowers the quasi-Fermi level positions relative to the undoped sample with the result that the electron states are only partially occupied, being in the tail of the Fermi distribution, and the peak of the electron distribution at fixed gain shifts with temperature. The separation between the peaks of the electron and hole distributions increases by 5 meV, going from 200 K to 350 K, at fixed quasi-Fermi level separation for this simple model system and this will cause a shift in the energy of the gain peak. This shift of the gain peak for fixed gain which we observe experimentally is about 8 meV (Fig. 3) .
There are two origins to the distinct behaviour of the p-doped sample. First, the electron state distribution has a width at half height of about k B T at room temperature, whereas the hole distribution is narrower, much less than k B T. Consequently, the distribution of holes follows the inhomogeneous state distribution and does not shift with temperature in either case (Fig. 4) . The second factor is the effect of doping on the electron quasi-Fermi level. In the undoped sample, the electron quasi-Fermi level is higher than the electron state distribution (Fig. 4(a) ), and most electron states are filled and the electron distribution follows the state distribution and is not temperature dependent. However, the electron quasi-Fermi level in the doped sample is at lower energy than the electron states (Fig. 4(b) ), their occupation probability is low (0.2-0.4), and the electron distribution is sensitive to the Fermi factor and shifts with temperature as is apparent in Fig. 4(b) . Thus, it is the combination of a wide electron state distribution and the lowering of the electron quasi Fermi level by doping, which results in the temperature sensitivity of the electron distribution and the gain peak in the presence of doping.
In summary, we have shown that the blue-shift of the gain peak due to state-filling in un-doped quantum dot structures is independent of temperature at a given value of peak gain, and over the temperature range studied (200 K to 350 K) whereas in structures with about 15 acceptors per dot in the spacer layers, the state filling is temperature dependent at any fixed gain. This behavior is a consequence of the wide electron state distribution and the lowering of the electron quasi Fermi level by p-doping relative to the un-doped device. Thus, in p-doped dots, the behavior of the gain peak with temperature and injection is more complex than in undoped structures, requiring additional care in the detailed design of devices. While p-doping is often introduced to reduce the temperature dependence of the threshold current, it comes at the expense of increasing the temperature sensitivity of the lasing wavelength.
